There is an increasing prevalence of non-communicable diseases worldwide.
genes governing immunity and inflammation within the placenta [15] . How metabolic stressors such as obesity and/or diabetes (or both) modulate gene expression in the placenta remains to be defined. It has been suggested that circulating, saturated free fatty acids (FFAs), such as the -6 FFA palmitate, can provoke inflammatory responses in placental cells such as trophoblasts by activating the NLRP3 inflammasome [16, 17] . This might be relevant because palmitate levels are elevated in the systemic circulation of pregnant women with prepregnancy obesity [18] and GDM [19] . In addition, lipid levels are higher in placental tissues from obese compared to lean women and trophoblasts obtained from obese women more rapidly esterify palmitate compared to cells obtained from lean women [20] . The extent to which either high glucose or insulin also contribute to placental inflammation in the setting of diabesity (or GDM in the absence of obesity) is unclear.
Macrophages within the placenta are important innate immune sentinels capable of sensing the environment and producing proinflammatory mediators in response to stress. Tissue-based studies suggest that metabolic stress alters macrophage abundance in the placenta [21, 22] . density gradient. CD14 + macrophages were isolated by positive selection using the magnetic MACS ® large cell separation column system according to the manufacturer's instructions.
Isolated CD14 + placental macrophages were plated and rested overnight in RPMI +/+ at 37°C with 5% CO2 before experimentation. Purity of PM samples was determined to be 98.04 ± 0.58 % (mean ± SEM) based on CD68 positivity (data not shown).
Metabolic Stress Treatment; Cytokine and Lysate Analysis
Placental macrophages were cultured at a concentration of 3 x 10 6 cells/mL in RPMI +/+ and rested overnight after isolation. Macrophages were then acclimated to glucose-free RPMI +/+ for 60 min (in the presence or absence of the irreversible caspase-1 inhibitor VI (Z-YVAD-FMK; 10 µM)) before any glucose treatment was performed. All glucose treatments were performed in RPMI +/+ . Placental macrophages were exposed to either 5 mM glucose (euglycemia; control media), 30 mM glucose (a model of hyperglycemia), 30 mM glucose + 0.4 mM palmitate + 10 nM human insulin (together known as a metabolic cocktail, MetaC, a model of diabesity [24] ), 5 mM glucose + 0.4 mM palmitate (Palm), or 5 mM glucose + 10 nM human insulin for time points between 1 and 24 h. For a dose curve at 24 h, we assessed palmitate doses between 0 and 0.8 mM in the presence of 5 mM glucose. Supernatants were harvested for cytokine analysis by ELISA, following the manufacturers instruction for each analyte (IL-1β, Caspase-1 p20).
Cellular lysates were harvested for active caspase-3 quantification.
Inflammasome proximity ligation assay (PLA)
Placental macrophages were assessed for inflammasome complex interactions using the Duolink PLA immunofluorescence assay format. Briefly, 0.3 x 10 6 placental macrophages were cultured in chamber slides and treated for 4 h with glucose or the metabolic stress components as they were for cytokine analysis above. Cells were then washed with PBS, fixed and permeabilized, blocked with kit-supplied blocking buffer, and stained with primary antibodies anti-NLRP3 & anti-ASC (1:200) in kit-included antibody diluent. Placental macrophages were then washed and incubated with the necessary probes before ligation and amplification took place. Final washes were completed, and chamber slides were cover-slipped with Antifade Prolong Gold with DAPI and let dry overnight in the dark before imaging (Nikon Eclipse fluorescent microscope) and quantification with Image-J software.
Flow Cytometry Cellular Death Analysis
Placental macrophages were plated, rested, and exposed to glucose or the metabolic stress components as they were for cytokine analysis above. Treatments were performed for 4 or 24 h before cells were harvested for flow cytometric analysis. Cellular death was assayed by dualstaining with annexin V-AF 488 and propidium iodide (PI) following manufacturer's instructions. Briefly, some PMs were stained with anti-human CD68 to assess purity before being stained with the annexin/PI staining kit. Paraformaldehyde-fixed placental macrophages were acquired immediately after staining on an LSRII 5-laser flow cytometer (BD Biosciences).
Living cells were defined as PI-/annexin-; necrotic cells were defined as PI+/annexin-; early apoptotic cells were defined as PI-/annexin+; and late apoptotic or pyroptotic cells were defined as PI+/annexin+. Data files were analyzed using BD Diva (BD Biosciences).
Quantitative Real Time (RT)-PCR
Placental macrophages were plated, rested, and exposed to glucose or the metabolic stress components for 4 h as they were for cytokine analysis above. Total RNA was isolated using TRIzol reagent according to the manufacturer's instructions. Template RNA (325 ng) was reverse transcribed using the iScript cDNA Synthesis Kit and cDNA was amplified for IL-1β and GAPDH under the following thermal cycling conditions: 3 m at 95°C, 12 s at 95°C, and 45 s at 60°C for 40 cycles. Data are quantified and presented using the 2 -Δct method.
Statistical Analysis
All experiments were performed in multiple, independent biological replicates as noted in each figure. Data points from independent experiments are presented along with means and analyzed with GraphPad Prism 6.0 software (GraphPad Software, San Diego, CA). Comparisons between two experimental groups were performed with a paired Student t test, while comparisons between three or more groups were analyzed with a repeated measures 1-way ANOVA with a Dunnett or Tukey multiple comparisons post-test where appropriate. Differences were considered statistically significant for P <0.05.
Results

Palmitate increases the release of proinflammatory cytokine IL-1β and cleaved caspase-1 in placental macrophages
Human placental macrophages were exposed in vitro to models of hyperglycemia, hyperinsulinemia and saturated fat hyperlipidemia, or to a combination of these factors (MetaC; a model of diabesity [24] ) as detailed above, for durations ranging from 1 to 24 hours. These experiments revealed a time-dependent increase in both secreted IL-1β and cleaved caspase-1 (p20 subunit) in response to MetaC or palmitic acid (FIG 1) . By 1 hour, there were no changes in IL-1β among any groups ( Fig. 1A-B ), while caspase-1 was slightly but significantly increased in the MetaC condition relative to control; palmitate treatment did not alter caspase-1 levels by 1 hour (Fig. 1G-H (FIG 2A-B ). We did not observe increases in other proinflammatory cytokines such as TNFα, CCL2, or IL-6 in response to MetaC (SUPPL FIG 5B-D) .
Metabolic stress activates assembly of the NLRP3-ASC inflammasome complex
The inflammasome promotes the maturation and secretion of proinflammatory IL-1β [25] .
Human placental macrophages were treated with 5 mM glucose (euglycemia), MetaC, or palmitate for 4 hours and assembly of the NLRP3-ASC inflammasome complex was tracked by PLA as described in the Methods section. MetaC and palmitate resulted in significantly more assembled NLRP3-ASC complexes per cell compared to euglycemic placental macrophages (FIG 2C-D) .
Metabolic stress induces multiple types of cellular death
Human placental macrophages were treated with 5 mM glucose (euglycemia), MetaC, palmitate, 30 mM glucose (hyperglycemia) or insulin alone (hyperinsulinemia) for 4 or 24 hours and assayed for cell death by flow cytometry using annexin V staining, which detects apoptotic changes, and PI staining for necrosis [26] . An example of gating methods are shown (FIG 3A) .
MetaC and palmitate treatment for 4 h induced significant increases in multiple types of cellular death: necrosis (PI+/annexin-), early apoptosis (PI-/annexin+), and late apoptosis and/or pyroptosis (PI+/annexin+) (FIG 3B, SUPPL FIG 3) compared to euglycemia. Early apoptotic cell death was exacerbated by 24 h of incubation with palmitate, resulting in 43.14 ± 9.13 % (mean ± SEM) of cells undergoing such apoptosis (FIG 3C, SUPPL FIG 4) . Hyperglycemia or insulin alone did not differ from euglycemia. The majority of MetaC-induced and palmitateinduced cellular death detected was early apoptosis. We also investigated the presence of cleaved caspase-3, an important marker of the cell's entry point into the apoptotic signaling pathway [27] and found a significant increase in cleaved caspase-3 in the cellular lysate with MetaC and palmitate treatment compared to euglycemia (FIG 3D) .
Metabolic stress inhibits placental macrophage gene expression of IL-1β.
In some macrophages palmitate has been shown to increase IL-1 gene expression [28] . Thus, in response to observing increased IL-1 in the macrophage supernatants following exposure to MetaC or palmitate alone, human placental macrophages were treated with 5 mM glucose 5A) .
Discussion
In the United States and globally, a rising prevalence of noncommunicable diseases, including obesity, type 2 diabetes, GDM and cardiovascular disease, is overburdening healthcare infrastructures and limiting both quality and duration of life [29, 30] . The development of many common non-communicable diseases, such as obesity, diabetes mellitus, cardiovascular disease, and neurocognitive disorders begins years before they are clinically evident in adults. In fact, this risk appears, in part, to be programmed during fetal development in utero, a paradigm known as the Development Origins of Health and Disease [31] [32] [33] . Inherent genetic potential combined with environmental factors, such as maternal health and nutrition, influence fetal development [34] . This framework helps explain how parental factors influence health outcomes of offspring and contribute to the transgenerational inheritance of non-communicable disease risk beyond the influence of genetics. The maternal (in utero) environment is increasingly recognized as a critical stage for imprinting non-communicable disease risk on the developing fetus [33] . Herein we used in vitro models to define direct effects of the metabolic syndrome and hyperglycemia on placental cellular immune responses, which could impact fetal development and the health and wellness of offspring.
Specifically, we interrogated the impact of high ambient levels of glucose, insulin and palmitate on human placental macrophage viability and inflammatory response, finding that only the saturated fat altered the particular readouts we assessed. The primary finding here is that palmitate resulted in the triggering of apoptotic cell death of placental macrophages and induced the NLRP3 inflammasome to become active and release the proinflammatory cytokine IL-1.
The effects of maternal obesity on placental biology are complex. Maternal meta-inflammation associated with obesity (for example, elevated IL-6, TNF-α, leptin and low adiponectin) may stimulate placental nutrient transport, contributing to fetal overgrowth [35] . Similar inflammatory and hormonal changes may contribute to neurological consequences in offspring via effects on placental serotonin production, while effects on early pregnancy vascularization may predispose some obese women to placental insufficiency, resulting in hypertensive disorders of pregnancy and (seemingly paradoxically) intrauterine growth restriction [35] . Studies of the human placental transcriptome suggest that prepregnancy obesity is associated with significant alterations in the expression of genes involved in lipid metabolism, angiogenesis, hormone activity, and inflammation that corresponded with increased placental lipid content, oxidative stress, and signs of enhanced inflammation [36] . Our data, albeit focused on one particular immune cell from within this complicated heterocellular tissue, support the latter concept regarding inflammation.
The macrophage data presented here support studies by other investigators demonstrating that the human trophoblast responds to saturated fat by activating the NLRP3 inflammasome and releasing IL- via caspase 1 [16] . This suggests a shared response among immune and parenchymal cells, which could have a biological amplifying effect.
Our studies have limitations that warrant discussion. Here we used placental macrophages, obtained from the villous core of placental cotyledons. However, we did not use genetic or other tests to assess whether these cells were maternal or fetal in origin, though our suspicion based on the isolation technique is that we obtained primarily fetal macrophages (Hofbauer cells). We did not know the prepregnancy body mass index (BMI) of the mothers in this study or other potentially relevant clinical characteristics (such as medication or tobacco exposure histories), which could confound our data and contribute to the intersubject variability observed. We also did not stratify results of these experiments by sex of the offspring, since this was not determined for these studies. This deserves closer attention in future studies, since metabolic stress during pregnancy might exhibit sexually dimorphic results in the placenta [15] . Our results using annexin V and PI staining suggest that palmitate strongly induced apoptosis (annexin+/PI-) in placental macrophages, though we cannot rule out a small contribution of pyroptosis in the dualstaining (annexin+/PI+) cell populations, which we suspect reflect cells stained late after apoptosis onset. Another limitation of our studies is the focus on a prespecified set of macrophage responses to metabolic stress, including particular inflammatory cytokines, caspases, and types of cell death. It is possible that other biological responses were perturbed by our experimental conditions which we might have missed. Future studies will need to employ bias-reduced methods such as transcriptomic, proteomic, or lipidomic analyses.
In summary, we report here that saturated fat induces inflammatory responses in human placental macrophages while also provoking cell death primarily via apoptosis. Future studies will need to determine the significance of these findings in vivo and the extent to which maternal covariates such as BMI or fetal covariates such as sex influence macrophage immune responses to saturated fat. These results could be important for understanding how maternal comorbidities impact fetal wellbeing and the health of offspring exposed in utero to metabolic stressors. 
